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Study of light kaonic nuclei with a 
Chiral SU(3) - based KN interaction 
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Abstract. We have investigated the prototype kaonic nucleus, ppK~ , using the method of Antisymmetrized 
Molecular Dynamics (AMD). In the present study we use a realistic NN potential with strongly repulsive 
core, and a Chiral SU(3)-based KN interaction which is energy-dependent and includes both s- and p- 
wave interactions. We find that no self-consistent solutions exist when the range parameter of the KN 
interaction is less than 0.67 fm. Due to the strong repulsion of the NN interaction at short distance, the 
two nucleons in ppK~ keep a distance of about 1.2 fm and the total binding energy of ppK~ does not 
exceed about 50 MeV in the scope of our current analysis. 



PACS. 13.75.Jz Kaon-baryon interactions ■ 
- 21.45.+V Few-body systems 



21.30.Fe Forces in hadronic systems and effective interactions 



Kaon-nuclear systems, with a K~ tightly bound to a 
nuclear core, have recently received considerable interest. 
Previous studies [HUMS] suggested lots of exotic properties 
of light kaonic nuclei, as a consequence of the strongly at- 
tractive I — KN interaction. Several experiments have 
been performed by various groups 4,5,6,7 . Recently the 
FINUDA group reported measurements [5] which they in- 
' terpret as signals for the formation of ppK~ clusters, the 
basic prototypes of kaonic nuclei. While this interpreta- 
tion is not without controversy, the quest for deeply bound 
kaon-nuclear states has attracted a great amount of activ- 
ity in the field. 



We investigate light kaonic nuclei in a fully microscopic 
way employing the variational Antisymmetrized Molecu- 
lar Dynamics (AMD) method. In the AMD framework, 
single nuclcon wave functions \tfi) and the kaon wave func- 
tion \<pk) are constructed as follows; 
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Our investigations are aimed at a detailed understand- 
ing of the conditions under which kaonic nuclei can exist. 
As a first step we explore the ppK~ system, focusing on 
the following two points: the role of the repulsive core of 
the NN interaction and the implementation of a Chiral 
SU(3)-based KN interaction. If the kaonic nuclei are dense 
and compact as suggested by previous calculations [UEK] > 
the strong repulsion of the NN interaction at short dis- 
tance is expected to be very important in acting against 
such compression into very dense configurations. The KN 
interaction is a key ingredient in the study of kaonic nuclei. 
In the present calculations we adopt a theoretically moti- 
vated interaction instead of the previous phenomenologi- 
cal one [T]. The s-wave part of this interaction is derived 
from chiral SU(3) theory :8j and includes the strong en- 
ergy dependence resulting from coupled-channel dynam- 
ics. An energy dependent p-wave interaction dominated 
by the 17(1385) is also incorporated. 



The trial wave function of each nucleon (or the kaon) is 
described as a superposition of N n (Nk) Gaussian wave 
packets whose centers {Z l a } ({Z a }) are different from 
each other; v is a width parameter of the Gaussian wave 
packets; \ai) represents a spin wave function, | ]) or | J,); 
|t£) and \t£) are isospin wave functions and have the 
following form: 
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where {7^} and {7^} are variational parameters. 

The total wave function is constructed by antisym- 
metrizing a set of nucleon wave functions, Eq. |T]), and 
combining it with the kaon wave function, Eq. @: |<5) = 
.A[|</5j(a))] ® \<Pk)- This wave function is projected onto an 
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Fig. 1. Comparison of AW potentials in 1 So channel. "AK" 
is the AW potential used in the previous study. "Avl8" is the 
Argonne vl8 potential. "Avl8-like" is the NN potential used 
in the present study. 



eigenstate of angular momentum (J), isospin (T), charge 
(C) and parity (P): \PjP T P c Pp <P). Given the charge- 
mixed state, Eqs. ([3]) and (J4j) , and the charge projec- 
tion (Pc), we can adequately treat the K~p/K°n mixing 
which is caused by the KN interaction. All variational pa- 
rameters {(7^,Z^,7^;C*,Z^f, 7^}, which are complex 
numbers, are determined by the frictional cooling equa- 
tion. Details of the AMD method are explained in Ref. 
®. 

The NN interaction used here is guided by the Ar- 
gonne vl8 (Avl8) potential [9]. Fig.[T]shows the 1 5'o chan- 
nel of the potential used in our study ("Avl8-like"), the 
original Argonne vl8 potential ("Avl8"), and the poten- 
tial used in the previous studies ("AK") [ip)j3]. Evidently, 
the present realistic potential has a strongly repulsive core 
in contrast to the previously used potential. Since this pre- 
vious potential has been constructed using the G-matrix 
method pQ, the repulsive-core part is smoothed out. 

The s-wave and p-wave KN interactions have the fol- 
lowing forms: 

I \ 1 ( W + MN \ T? I \ 

VKN,s(r N - r K ,uj) = -27T I ^ j F kn [uj) 

x a/2 3 eM~( r N ~r K ) 2 /al], (5) 
VKN,p{ r N - r K ,oj) = -27T ( - + *f N ) C K n{u) 
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where Mn is the nucleon mass and u is the kaon energy. 
The present KN potentials have a strong energy depen- 
dence. The s- and p-wave potentials have Gaussian shapes 
with range parameters a s and a p . Fkn{u) and Ckn(w) 
are the s-wave KN scattering amplitude and the energy 
dependent p-wave KN scattering "volume" , respectively. 
The amplitude Fkn{^) is derived from Chiral SU(3) the- 
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Fig. 2. The s-wave amplitude Fkn(u>) (upper panel) and the 
p-wave scattering "volume" Ckn((jj) (lower panel). 



ory [8] . Its energy dependence reflects primarily the strong 
KN <-» nU coupled-channels dynamics which drives the 
yl(1405) resonance. The Ckn{w) is an updated version of 
the parameterization introduced long ago in Ref. [10] . It 
features the dominance of the 17(1385) in p-wave 1=1 
channel for which Ck-u — 2C^- p holds. Fig. [2] shows 
Fkn(u) and C K n{u)- 

The procedure of the present variational calculation is 
as follows. In a first step we treat the p-wave KN inter- 
action perturbatively and omit the imaginary parts of the 
s- and p-wave KN interactions. The total Hamiltonian H 
is 

H = H + Re[V KNjP (u)} (7) 
H Q = f + V NN + Re[V KN , s (u>)} + V Co ul. - f CM . (8) 

Here, T, Vnn and Vcoul. correspond to the total kinetic 
energy, NN central potential and Coulomb potential, re- 
spectively. We use all channels of the Avl8-like potential 
as our Vnn, although channels other than x 5o turn out 
not to be important_inppA"~. Vkn,s(w) and Vkn,p(oj) are 
the s- and p-wave KN potentials of Eqs. ([5]) and ©, re- 
spectively. The center-of-mass motion energy of the whole 
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Fig. 3. Self consistency of the kaon's binding energy B{K). 
The horizontal axis B(K) assumed is the kaon's binding energy 
assumed as input in order to determined the strength of KN 
interaction. The vertical axis B(K) u a ined is the kaon's bind- 
ing energy calculated with such a KN interaction. "Ref" is 
the line B(K) as8umed = B(K) obtained . The curves correspond 
to results calculated with different range parameters a. 



system, Tcm, is subtracted. We determine an AMD wave 
function |^>o) by the energy variation for the Hamiltonian 
Ho- Then we calculate the total energy E tot which is the 
expectation value of the total Hamiltonian H with this 
wave function |#o)- Secondly, we must take into account 
the self-consistency of the kaon's energy since the present 
KN interaction is strongly energy dependent. We obtain 
the self-consistent solution by the following steps. 1. We 
assume a kaon binding energy B(K) assumed as trial in- 
put. Once the kaon's energy is determined as ui — tuk — 
B(K) assume di the strength of the KN interaction is fixed 
and the Hamiltonian is also determined. 2. We perform 
the energy variation and treat the p-wave KN interaction 
perturbatively so as to calculate the total energy. We com- 
pute separately the kaon binding energy, B(K) obtained- 3. 
We compare B(K) ohtamed with B(K) assumed . If they dif- 
fer, we return to step 1 and change the input value of 
B{K) assum ed- We repeat the cycle 1 to 3 until B(K) obtained 
coincides with B(K) assumed . When B(K) obtamed = 
B{K) assumed, a self-consistent solution is found. 

We comment briefly on the kaon binding energy B(K). 
In kaonic nuclei, B(K) is different from the total energy, 
Etot, because the nuclear components rearrange them- 
selves under the influence of the strong attraction from 
the kaon field located at the center of the nucleus. In 
fact, the nuclear part in a kaonic nucleus is in an ex- 
cited state relative to the original nuclear system. We de- 
fine B(K) = —(E to t — E nuc i) as the kaon binding energy, 
where E nuc i is the nuclear part of the energy calculated 
as (^o|-Hjv|^o)/(^o|^o) with the corresponding part of the 
Hamiltonian, 



Table 1. Self consistent solution of ppK with various range 
parameters, "a" is the range parameter of KN interaction 
in fm. T, V(NN), V(KN,S), V(KN,P) and V{Coul.) are 
the total kinetic energy, the AW potential energy, the s-wave 
KN potential energy, the p-wave KN potential energy and the 
Coulomb energy, respectively. Total E. is the total energy {H). 
B(K) is the separate binding energy of kaon. All energies are 
given in MeV. R pp (in fm) is the mean distance between the 
two protons. 





a=0.67 


a=0.70 


a=0.80 


a=0.90 


T 


469.8 


382.2 


270.4 


188.8 


V(NN) 


15.3 


16.1 


14.1 


12.8 


V(KN, S) 


-404.8 


-340.9 


-255.0 


-191.1 


V(KN, P) 


-130.6 


-88.8 


-49.3 


-27.1 


V(Coul.) 


-2.2 


-2.0 


-1.7 


-1.4 


Total E. 


-52.5 


-33.4 


-21.5 


-18.0 


B(K) 


195.4 


153.7 


110.4 


84.5 




1.04 


1.11 


1.25 


1.41 



Hn — Tn + Vnn — T C M(N)- 



(9) 



Here, Tjv and Tcm(n) are the kinetic energy and the 
center-of-mass motion energy of the nucleons only. 

We now show and discuss results for the ppK~ system. 
In the present study, the quantum numbers of ppK~ are 
assumed to be J 71 " = 0~ and T = 1/2, where the parity (ir) 
includes the intrinsic parity of the kaon. Single nucleons 
and the kaon are represented by two and five Gaussian 
wave packets, respectively. Namely, we set N n = 2 in Eq. 
(UJ) and Nk = 5 in Eq. @. We use a common range 
parameter for both s-wave and p-wave KN interactions, 
a s = a p = a, and investigate the systematics with various 
range parameters a. 

Fig. [3] shows the realization of the self-consistency con- 
dition for the kaon's binding energy B(K), with varying 
range parameters. The self-consistent solution should ap- 
pear on the line "Ref" which indicates B(K) assumed = 
B(K) obtained- As can be seen, the curves for a > 0.67 
fm cross the line "Ref". This means there exists a self- 
consistent solution for these cases. However, for a < 0.67 
fm, no self-consistent solution is found. 

The self-consistent solutions so obtained are summa- 
rized in Table [TJ As the range parameter decreases, the 
total binding energy (= — "Total E.") increases rapidly 
from 18 MeV to 53 MeV. One observes that the p-wave 
KN potential contributes significantly to the binding of 
the kaon. However, its contribution decreases as the range 
parameter increases. Compared to the s-wave potential, 
the p-wave part is still sufficiently small to justify a per- 
turbative treatment. 

In all cases, the average distance between the two pro- 
tons (Rpp) is larger than 1.0 fm. This is attributed to the 
strongly repulsive core of the NN interaction. If the size 
of the core of a single nucleon is assumed to be roughly 
0.5 fm, the present result indicates that the cores of the 
two protons remain well separated in space. 
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(a) Nucleon (b) Kaon 



Fig. 4. Density contour of ppK~ calculated with the range 
parameter a=0.90 fm. The left (right) panel shows the distri- 
bution of the nucleons ( the kaon). The size scale is 3 x 3 fm 2 . 



Fig. 2] depicts the density distribution of the nucleons 
and the kaon in ppK~ calculated with the range param- 
eter a = 0.9 fm. The two protons keep a distance and 
the kaon is centered between them. In cases using other 
range parameters, the configuration of nucleons and kaon 
is essentially the same as that shown in Fig. [4] 

In Tabled we show a self-consistent solution obtained 
by using only the s-wave KN interaction ( "Only s-wave" ). 
Here the range parameter is 0.70 fm. We performed the 
same calculation as mentioned before, switching off the 
p-wave interaction. In this case, the total energy is simi- 
lar to that obtained with the p-wave interaction ("With 
p-wave"). However, the decomposition of this total energy 
into its components is quite different. In the case "With 
p-wave" , the ppK~ tends to increase its binding energy 
by the additional attraction of the p-wave potential, but 
simultaneously reduces binding due to the large kinetic 
energy, compared to the case with "Only s-wave" . The 
proton distance (Rpp) of "With p-wave" is smaller than 
that of "Only s-wave" . This is found also for other range 
parameters. The p-wave interaction prefers a smaller sys- 
tem in order to utilize larger gradients of the density dis- 
tributions. 

In summary, as a result of the present study of ppK~ 
with the AMD method using the _Avl8-like AW poten- 
tial and the Chiral SU(3)-based KN potential, no self- 
consistent solutions are found when the range parameter 
of the KN interaction is less than 0.67 fm. The maximum 
total binding energy of ppK~ is 53 MeV. The configura- 
tion of the ppK~ cluster is such that the two protons keep 
a distance larger than 1 fm due to the strong repulsion of 
the short-range AW interaction. The kaon field occupies 
the space between them. 

The present results should still be considered prelimi- 
nary. The treatment of the short-range correlation is thought 
to be insufficient because the AMD variational wave func- 
tion is based on the independent-particle picture. In the 
next forthcoming step a two-nucleon correlation function 
will be introduced in the AMD trial wave function. Since 
the binding mechanism of ppK~ is dominated by the strong 
attraction of the KN interaction, it is nonetheless ex- 
pected that the essential points of the present study will 
not be modified substantially once the short-range corre- 
lations are adequately dealt with. 



Table 2. Only s-wave interaction vs including p-wave interac- 
tion. "With p-wave" ("Only s-wave") is the result calculated 
with (without) the p-wave interaction for a = 0.70 fm. 





With p-wave 


Only s-wave 


T 


382.2 


195.3 


V(NN) 


16.1 


18.9 


V(KN, S) 


-340.9 


-243.1 


V(KN, P) 


-88.8 


0.0 


V(Coul.) 


-2.0 


-1.4 


Total E. 


-33.4 


-30.3 


B(K) 


153.7 


106.2 


Ftpp 


1.11 


1.36 



A further important step will be the calculation of the 
decay width. This involves not only the mesonic mode 
(KN — > ttY) but also the two-nuclcon absorption pro- 
cess (KNN — > Y N) . A reliable estimate of the width of 
antikaon-nuclear states is crucial in order to assess the 
experimental observability of kaonic nuclei. 

We thank Avraham Gal for fruitful and stimulating 
discussions during his visit in Munich. This work is sup- 
ported in part by BMBF and GSI. 
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